Porous lead zirconate titanate-lead zinc niobate (PZT-PZN) piezoelectric ceramics with a high degree of pore alignment were fabricated using directional freeze casting of a ceramic/ camphene slurry. Well-aligned pores were formed as the replica of the camphene dendrites that grew in a preferential orientation, while a high porosity of 90% was achieved by employing a low initial solid loading of 5 vol%. As the orientation angle of the pores to the poling direction was decreased, the hydrostatic piezoelectric properties, such as hydrostatic piezoelectric strain coefficient (d h ), the hydrostatic piezoelectric voltage coefficient (g h ), and the hydrostatic figure of merit, increased significantly. The sample containing pores aligned parallel to the poling direction showed an extremely high HFOM of 161019 Â 10 À15 Pa
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, which was B1300 times higher than that (124 Â 10 À15 Pa
) of the dense sample, owing to the presence of aligned pores.
I. Introduction P OROUS piezoelectric ceramics have attracted a great deal of attention because of their high hydrostatic figure of merit (HFOM), which should allow them to find very useful applications as low-frequency hydrophones. [1] [2] [3] [4] The piezoelectric properties of these materials are strongly dependent on pore configuration, such as porosity, pore size, pore morphology, pore connectivity, and pore alignment. [5] [6] [7] [8] In particular, the creation of pores that are aligned parallel to the poling direction is believed to endow these materials with a higher longitudinal piezoelectric strain coefficient (d 33 ), thereby leading to a higher hydrostatic piezoelectric strain coefficient (d h ) and a HFOM. [6] [7] A variety of manufacturing methods are currently available for the production of porous piezoelectric ceramics, including the following: replamine process, 8 BURPS (Burned-Out Polymer Spheres) process, 9 polymer replication method, 10 and solid free-form fabrication techniques.
11 So far only a few methods, including the replication of a distorted polymeric sponge 12 and the fused deposition of ceramics, 13 have been used for the achievement of aligned (or elongated) pores.
Therefore, in this study we have fabricated highly aligned porous lead zirconate titanate-lead zinc niobate (PZT-PZN) ceramics using unidirectional freeze-casting of a ceramic/camphene slurry, in which the camphene dendrites grow in a preferential orientation that is parallel to the conduction of heat during the solidification of the slurry, thereby resulting in the generation of aligned pores. The effect of the orientation angle of the pores with respect to the poling direction on hydrostatic piezoelectric properties, such as hydrostatic piezoelectric strain coefficient (d h ), hydrostatic piezoelectric voltage coefficient (g h ), and HFOM (d h Á g h ), was investigated.
II. Experimental Procedure
As the active piezoelectric material, PZT-PZN powder was used because of its high longitudinal piezoelectric strain coefficient (d 33 5 580 pC/N) and low permittivity (e 33 5 2095), which would be expected to lead to a high HFOM. The details of powder synthesis using the columbite precursor method are described elsewhere.
14 As the freezing vehicle, commercially available camphene (C 10 H 16 ; Alfa Aesar/Avocado Organics, Ward Hill, MA) was used without further purification. In addition, polystyrene (PS; [-CH 2 CH(C 6 H 5 )-] n , M w 5 230 000 g/mol; Sigma Aldrich, St. Louis, MO) polymer was used as the organic binder and modifying agent for the pore alignment process. 15 The slurry was prepared by mixing the appropriate amount of PZT-PZN powders with 3 wt% of oligomeric polyester (Hypermer KD-4; UniQema, Everburg, Belgium) as a dispersant and molten camphene at 601C for 24 h using ball-milling. An initial solid loading as low as 5 vol% was used to achieve an ultra-high porosity. The prepared slurry was then cast into molds with dimensions of 10 mm Â 50 mm Â 30 mm at a constant temperature of 201C, in order to induce the unidirectional solidification of the warm slurry, as shown in Fig. 1 . After the complete solidification of the slurry, the green bodies were then freeze dried to remove the frozen camphene. The resulting samples were then sintered at 12001C for 2 h in a PbO-rich atmosphere to densify the PZT-PZN walls. For comparison, a dense PZT-PZN ceramic was also prepared.
The density and porosity of the sample were calculated by measuring its dimensions and weight. The microstructures of the sintered samples, such as their pore structure and the densification of the PZT-PZN walls, were characterized using scanning electron microscopy (SEM, JSM-6330, JEOL Techniques, Tokyo, Japan). In order to evaluate the effect of the orientation angle of the pores with respect to the poling direction on the piezoelectric properties, three different types of samples were prepared, with pore orientations of 01, 451, and 901 with respect to the poling direction, as shown in Figs. 1(A)-(C), respectively. The dimensions of the samples were 10 mm Â 10 mm Â 2 mm. Electrodes were made by applying a thin silver paste to the sample, followed by heat treatment at 5501C for 30 min. In order to minimize the excessive penetration of silver paste into the porous body, a highly viscous paste was gently screen-printed onto the surfaces of the sample. Thereafter, the sample was poled in a silicon oil bath at 1501C, by applying an electric field of 2 kV/mm for 30 min, and was then aged for 24 h before testing.
The permittivity (e 33 ) of the samples before poling was measured at room temperature using an impedance analyzer (HP4192A, Hewlett-Packard, Palo Alto, CA) at 1 kHz. The 
III. Results and Discussion
We recently observed that the camphene-based freeze-casting method is very promising for producing ultra-high porosity ceramics (e.g., porosity 480%) with interconnected pores, which are difficult to fabricate using traditional methods. 15, 16 Ultra-high porosity ceramics are of scientific and technical importance for porous piezoelectric ceramics because, when they are used as a low-frequency hydrophone, a higher porosity would be expected to lead to a reduction in acoustic impedance, which would minimize the sound energy reflected at the interface between the porous PZT-PZN ceramics and the media. 17 In order to achieve an ultra-high porosity, we employed an initial solid loading of as low as 5 vol%. It should be noted that without the addition of PS polymer as the binder, the green body would collapse during freeze drying. Typical SEM micrographs of the sample after sintering at 12001C are shown in Figs. 2 (A) and (B) . The pores were well aligned along the direction of solidification (Fig. 2(A) ), in which the PS polymer notably promoted the preferential growth of camphene dendrites during freezing, as is well documented in our previous report. 15 At high magnification, the PZT-PZN walls were well sintered without any noticeable large defects or cracks ( Fig. 2(B) ). The porosity of the sample, calculated from its dimensions and weight, was as high as 90%. It is worth mentioning that such a combination of ultra-high porosity along with aligned pores has, to the best of our knowledge, never been achieved in the preparation of porous piezoelectric ceramics, although it is expected to offer a very high HFOM.
The piezoelectric properties of the samples with various orientation angles of 01, 451, and 901 with respect to the poling direction were evaluated. First, the relative permittivity (e 33 ) values of the samples were measured and are plotted as a function of the orientation angle, as shown in Fig. 3 . It was observed that the e 33 value was in the range of 102-120 and showed little variation. It is a general rule that the alignment of pores in the direction of poling leads to an increase in permittivity, because of an increment in the amount of active piezoelectric material. 7 However, this tendency becomes less significant as the porosity is increased. Therefore, little variation in the permittivity was attributed to the very high porosity of 90% obtained in this study. In addition, we previously found that relative permittivity (e 33 ) was proportional to porosity (p), with an empirical relationship of e 33 5 2060-22p. 16 The measured value roughly corresponds to the calculated value, indicating that relative permittivity is primarily determined by porosity rather than by orientation angle. In addition, the dielectric losses of the samples with orientation angles of 01, 451, and 901 measured at 1 kHz were 0.11, 0.19, and 0.04, respectively.
The longitudinal piezoelectric strain coefficient (d 33 ) and the transverse piezoelectric strain coefficient (d 31 ) of the samples were also measured and are plotted as a function of the orientation angle, as shown in Fig. 4 . As the orientation angle was decreased from 901 to 01, the d 33 value notably increased from 302 to 450 pC/N. It is worth mentioning that these values of the longitudinal piezoelectric strain coefficient for the sample are fairly high, when considering its ultra-high porosity of 90%.
On the other hand, as the orientation angle was decreased from 901 to 01, the d 31 value decreased from À42 to À22 pC/N. These values were much lower than that (À266 pC/N) of the dense sample. It is reasonable to suppose that the higher degree of pore alignment in the direction of poling results in the increase in d 33 and decrease in d 31 , because of an increment in the amount of active piezoelectric ceramic phase connected in the 3-direction that is parallel to the poling direction, and a decrease in the amount of active piezoelectric ceramic phase connected in the 1-direction that is normal to the poling direction. 7 These results indicate that the introduction of aligned pores into dense PZT-PZN ceramics can result in the decline of the d 31 value and a rapid increase in the d 33 value, which can thereby offer a high hydrostatic strain coefficient (d h ), which represents the hydrostatic strain per unit electric field or the charge developed per unit hydrostatic force. 18 The hydrostatic strain coefficient values of the samples, which were calculated from the relationship d h 5 d 33 12d 31 are shown in Fig. 5 . As the orientation angle was decreased from 901 to 01, the d h value significantly increased from 216 to 406 pC/N, as shown in Fig. 5 . These values were much higher than that (49 pC/N) of the dense sample. The hydrostatic piezoelectric voltage constant (g h ) values of the samples were also calculated from the relationship g h 5 d h /e 33 . 18 As the orientation angle was decreased from 901 to 01, the g h values remarkably increased from 241 to 396 Â 10 À3 V/m Á Pa, as shown in Fig. 5 . The achievement of such high g h values was attributed to the improvement in the d h value and the reduction in the e 33 value.
Because of the remarkable improvement in their d h and g h values, the porous samples showed fairly high hydrostatic figure of merit (HFOM 5 d h Â g h ) values. As the orientation angle was decreased from 901 to 01, the HFOM value was significantly increased from 53 135 to 161 019 Â 10 À15 Pa
À1
, as shown in Fig. 6 . It should be noted that these values were more than 428-1298 times higher than that (124 Â 10
À15

Pa
À1
) of the dense sample. In particular, the highest value of 161 019 Â 10
À15
Pa
À1
obtained in this study is much higher than that obtained in our previous report, 16 owing to not only the creation of the aligned pores (i.e., aligned PZT-PZN walls), but also the achievement of an ultra-high porosity of 90%. 
IV. Conclusions
Porous PZT-PZN ceramics with aligned pores were fabricated by unidirectional freezing a ceramic/camphene slurry. An ultrahigh porosity of 90% was achieved by employing an initial solid loading of as low as 5 vol%, while aligned pores were formed as the replica of the preferentially grown camphene dendrites promoted by the PS polymer. As the orientation angle of the pores with respect to the poling direction was decreased, the hydrostatic piezoelectric properties, such as the d h , g h , and HFOM values, remarkably increased. A fairly high HFOM of 161 019 Â 10 À15 Pa À1 was achieved for the sample with an orientation angle of 01, wherein the pores (i.e., PZT-PZN walls) were aligned along the poling direction. 
